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Summary Tumour cords have been measured in 33 cases of squamous cell carcinoma (SCC) of the bronchus
and 19 cases of SCC of the uterine cervix. The overall mean cord radius for SCC in both sites was 104
microns, similar to the overall mean for various tumours in rodents. For tumour cells adjacent to blood
vessels in cords of SCC, the mean Mitotic Index was 2.1% and from this value a rapid potential doubling
time could be inferred (-31 to 66h). The proportion of dead cells within cords of cervical SCC was higher
than in animal tumours. Using measured values for cord radius and published equations that describe the
diffusion and consumption of oxygen in metabolising tissue, an attempt was made to calculate the oxygen
partial pressure in vessels of cords of these SCC.
The parenchyma in the deeper-seated parts of a
number of human and animal tumours grow in the
form of multi-cell-layer, cylindrical cuffs that
separate central blood vessels from areas of gross
necrosis, or alternatively as spheroidal or rod-like
structures with a central core of necrosis and a rim
of healthy parenchyma, the whole surrounded by a
basketwork of vessels. The term "tumour cord" has
come to be associated primarily with the former
type of feature but in the seminal paper of
Caspersson & Santesson (1942) the term was
applied to both types and this convention will be
adopted here. Thomlinson & Gray (1955) analysed
these structures in squamous cell carcinomas (SCC)
of the human bronchus. They reported that the
radial thicknesses of the healthy regions were
relatively constant between tumours, and inferred,
from considerations of oxygen concentration and
metabolism, that the abrupt transition of cells from
the histologically-intact to the necrotic compart-
ment might occur by death of cells through lack of
oxygen. This inference was of physiological interest
but more importantly, of potential relevance to the
practice of radiotherapy. Thomlinson & Gray
(1955) reasoned that the apparently intact cells
adjacent to gross necrosis would be severely
hypoxic and therefore resistant to the action of
ionising radiation (e.g. Gray et al., 1953). Since
these initial observations, a number of studies have
been made on tumour cords in rodents, examining
their cellular kinetics (Tannock, 1968; Hirst et al.,
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1982), and the response to radiation (Tannock &
Howes, 1973; Moore et al., 1983) and to
chemotherapy (Moore et al., 1980, 1983). From the
cellular kinetics of untreated experimental tumours,
it may be inferred that a population of rapidly-
dividing cells adjacent to the blood vessel (stem
cells?), gives rise to daughters that are displaced
away from the vessel, progressively lose their
capacity to proliferate, and die. This "hierarchical"
organisation presents the opportunity to analyse the
histopathology of tumours in time and space, in a
way more meaningful than random scoring of
mitotic, "live" and "dead" cells. There is very little
information in the literature by which one can
judge the quantitative relevance of the experimental
models to the corresponding structures in man. We
present here data for tumour cords in squamous
cell carcinomas of the human bronchus and uterine
cervix.
Materials and methods
Gross samples of tumour were removed from fresh
hysterectomy or pneumonectomy specimens, fixed
in buffered, 10% formol-saline and processed
routinely for histology. Five-pum-thick sections were
cut, and stained with haematoxylin and eosin.
Samples from the uterine cervix had been reported
on (by CHB) as being SCC of the cervix, while
samples from the lung had been classified (by PSH)
as SCC of the bronchus. For SCC of the cervix,
examination for the presence of tumour cords was
made on slides of tumours from 140 successive
patients, operated on between 1979 and 1983. For
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SCC of the bronchus, the pathology reports
routinely noted the presence of obvious focal or
gross necrosis. Examination for cords was restricted
to sections of tumours for which such mention had
been made, a total of 96 patients operated on in
1982 and 1983.
The material examined ranged from poorly- to
well-differentiated tumours. In some cases, it was
difficult to distinguish between cords terminating in
necrosis, and squamous differentiation that resulted
in poor-quality parakeratin. An increase in spacing
between cell nuclei, flattening of the nuclei and
granulation in a prominent cytoplasm, were taken
as evidence of residual differentiation. Such
specimens were excluded from analysis, as also were
patients who had received prior radiotherapy or
chemotherapy. Measurements on tumour cords
were made where a capillary was transected
longitudinally and where the capillary lining and
the row of pyknotic cells adjoining the gross
necrosis, were approximately parallel. Parameters
measured in each cord were:
(i) Cord "radius"; the radial distance between the
capillary endothelium and the first pyknotic
cell encountered at the intact/necrotic
interface. Fifty cords were measured in each
microscope slide.
For further analysis, the cord was then divided
arbitrarily into zones of area 92pm (parallel to the
blood vessel) by 18pm (at right angles to the
vessel). Zone 1 adjoined the vessel, zones 2, 3 etc.
were progressively nearer the necrosis.
(ii) Mitotic Index (MI); the number of cells in
mitosis, divided by the total number of
histologically-intact cells, in each zone.
(iii) Necrotic Index (NI); the number of
histologically-dead cells (with pyknotic or
karyorrhectic nuclei) divided by the total
number of intact plus dead cells, in each zone.
For calculation of MI and NI, 50 cords were
scored for each tumour.
Results
From sections of cervical SCC in 140 patients, only
19 (14%) were adjudged to contain tumour cords.
The mean age of these 19 patients was 42 years
(range 27 to 68 years). For bronchial SCC, cords
were found in tumours from 33 patients (34%).
Twenty-eight (85%) were males (mean age 64 years,
range 36 to 77), five were females (mean age 62,
range 50 to 70). The mean number of tumour
blocks taken from each operation specimen (both
sites) was 3 (range 1 to 9).
Cord radius
For SCC cervix, mean values for cord thickness
ranged from 42 to 152pm (Figure 1). Where several
samples had been taken from one tumour, average
values of cord radius were obtained for each of
these samples, and then overall means were
calculated. One standard error on this grand mean
was 5-10%, which suggests that for the tumours
examined one tumour site was representative of the
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Figure 1 Radial thickness of cords in tumours of
rodents and man. Numbers and open symbols are
means + s.e. for each tumour-line. For clarity, some
of the central values have been omitted for SCC
bronchus. Numbers accompanied by a query are for
reports in which a precise value for radius was not
quoted, but for which an approximation could be
made. Such values were not included in the calculation
of mean values + 1 s.e. for all tumours in each of the
three different species (shown as solid symbols).
Numbers are for cords in: mice - 1. T50/80 mammary
ca (Moore, 1983); 2. KHH mammary ca, (Hirst &
Denekamp, 1979); 3. CA RH mammary ca, 4. KHU
mammary ca (Hirst et al., 1982); 5. BICR/SA1
mammary ca (Tannock, 1968); 6. Mammary ca
(Tannock & Howes, 1973); 7. Mammary ca (Jones and
Camplejohn, 1983); 8. Mammary ca (Gosalvez et al.,
1972). Rats - 9. 3924A hepatoma, 10. H-4-1I-E
hepatoma (Moore et al., 1984); 11. AH109A hepatoma
(Yamaura & Matsuzawa, 1979); 12. RIB5 fibro-
sarcoma (Thomlinson, 1960); 13. LMC1 mammary ca
(Moore, unpublished); 14. Walker 256 carcinosarcoma
(Brammer et al., 1979); 15. Walker 256 (Hug &
Szczepanski, 1969). Man - 16. Ca bronchus
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whole. The mean cord radius for all the cervical
SCC was 104+7,um. For bronchial SCC, mean
cord thickness ranged between 65 and 160 microns,
the mean for all tumours being 104+5,um (Figure
1).
Cell density
There was 15% more cells per zone for bronchial
SCC than cervical SCC, with relatively constant
numbers across the different zones of the cords
(Figure 2a).
Mitotic index
The relationship of MI to distance of a cell
population from the subtending capillary, was that
highest MI occurred near the vessel ( 2. % for
both bronchial and squamous SCC), least near the
necrosis (<0.5%; Figure 2b).
Necrotic index
For both sets of human tumours, the proportion of
necrotic cells within the otherwise histologically-
intact parenchyma of cords increased with
increasing distance from the capillary. However, the
values for cervical SCC were markedly higher than
for bronchial SCC: by a factor of 4 in zone 1, 2 in
zone 5 (Figure 2c).
Discussion
As noted by Hirst et al. (1982), the thickness of a
tumour cord may be the resultant of the number of
cells within the cord and their metabolic rate, and
this might account for the systematic differences in
cord thickness between tumours (Figures 1 and 2a).
The high values for cord thickness in human
bronchial SCC (mean 169,um) reported by
Thomlinson & Gray (1955) and which can be
inferred for cervical SCC (- 175tim) from the
colposcopy data of Kolstad (1968) relative to cords
in rodents, have generally been ascribed to
differences in metabolic rate of tumour cells in the
different species. Our results for cord thickness in
bronchial and cervical SCC yielded average values
much lower than in the two previous reports for
man, and only slightly higher than the average for
5 tumour lines in rats (by 7%) and 7 tumour lines
in mice (by 12%). One obvious explanation for the
differences between the two sets of results for SCC
cervix, is that the present data are for formalin-
fixed, wax-embedded material in which some
shrinkage will have occurred, whilst -the
observations of Kolstad (1968) were made on
tumours in situ, albeit by a method that does not
have the same quantitative resolution as
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Figure 2 (a) Numbers of histologically-intact cells as a
function of distance from the subtending vessel of
cords in SCC bronchus (open circles, solid line) and
cervix (open squares, solid line), and best fits to
similar data for three experimental tumours (dashed
lines, numbers keyed to the legend of Figure 1). (b)
Mitotic Index as a function of distance from vessel.
Symbols, etc., as for Figure 2(a). (c) Necrotic Index as a
function ofdistance from vessel.
measurements of cords in thin sections. Both sets of
results for bronchial SCC were for histologically-
processed material. Here, the large differences in
reported average cord thickness are accounted for
partly by differences in data analysis. Thomlinson
& Gray (1955) appear to have taken the widest
cord in each of the 5 tumours they analysed and
obtained an average of these (169+8pm). If
instead, one uses the best-fit lines that they drew
through their data, an average cord thickness of
134+7pm is obtained. The latter method was
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essentially the one used in the present report. The
"widest cord" method may "compensate"
somewhat for any (unknown) degree of shrinkage
but ignores variability within an individual tumour
(to be discussed later).
The untreated tumour cord in neoplasms of
experimental animals has been shown to be a
dynamic structure with a "flow" of cells away
from, and predominantly at right angles to, the
path of the subtending capillary (e.g. Tannock,
1968; Hirst et al., 1982; Moore et al., 1984). The
tumour cell population next to the vessel is the
ultimate source of this flow (although it is sustained
by all mitoses) and is characterised by a high
proportion of cells in cell cycle (mean growth
fraction, i.e. the ratio of new proliferating cells to
all new cells, for 5 rodent tumour lines was
79+13%; Table I) and a rapid rate of cell division
(average of the mean cell cycle times for 4 rodent
tumour lines was 17 +1 h; Table I). The potential
doubling time (Tpot) of these populations which
are assumed here to be in exponential growth, can
be calculated by Tpot= ln2.Tm/MI or
Tpot=ATs/LI (from Steel, 1968), where Tm and Ts
are the durations of the mitotic and DNA-synthetic
phases of the cell cycle respectively, MI and LI the
mitotic and pulse-[3H] thymidine labelling indices
respectively, and A a constant for a given tumour.
For 8 rodent tumour-lines, mean Tpot for these
inner zones of cords was 25.9+5h (Table I). This
calculation has been made for zone 1 of cords in
bronchial and cervical SCC, assuming Tm to be
either 1 or 2h. Taking the mean MI in each case,
Tpot was 33 or 66h for cervical SCC and 31 or
63 h for bronchial SCC (Table I). Although longer
than for the rodent tumours, these values of Tpot
still imply rapid proliferation among the cells that,
in a restricted sense, can be regarded as the stem
cells of the cords in these human tumours. Malaise
et al. (1973) collated data for mean cell cycle times
(Tc) of 11 human SCC, from which an overall
mean of 55+ 16h can be calculated. Using this
value, an estimate of the Growth Fraction (GF) of
cells in zone I of cords can be made, by:
In(I +GF) =In2. (Tc/Tpot) from Steel (1968).
The lower calculated estimates of Tpot for cells
of zone 1 in cords of SCC cervix and bronchus (33
and 31 h, respectively) yielded values of GF greater
than 1, while the higher estimates (66 and 63 h)
predicted GF of 78% and 83% respectively. The
assumptions and approximations of these
calculations are very considerable but it seems not
unreasonable to conclude that the majority of cells
adjacent to the capillaries in these human tumours
are in rapid cycle, as in the rodent tumours.
A striking difference between rodent and human
tumours lies in the volume doubling time (VDT) of
the whole tumour. In the 8 rodent lines cited in
Table I, VDT averaged 5.1 +1.3 days, for tumour
sizes where cords were present. In contrast, Malaise
et al. (1973) calculated an average doubling time of
58 days from several series of human SCC,
including bronchus and cervix. This difference in
the observed rate of growth is usually attributed to
high rates of "cell loss" in human tumours (Steel,
1977). From the present data no meaningful
quantitative comment can be made on cell loss, but
it may be noteworthy that the proportion of dead
cells within tumour cords of cervical SCC and to a
lesser extent bronchial SCC, tended to be larger
than those for the few rodent tumours in which
such measurements have been made (Figure 2c).
As regards the radiobiology of tumour cords,
Thomlinson & Gray (1955) and Tannock (1972)
calculated the "critical radius" at which oxygen
(02) tension should fall to zero, based on several
assumptions as to partial pressure of 02 in the
blood vessels (taken to be 40mmHg), diffusion of
02 through tissue, 02 consumption of cells, etc.
These generally-accepted calculations resulted in
values for critical radii that accorded reasonably
well with measured cord radii and led to the
important inference that histologically-intact cells
adjacent to the necrosis might be hypoxic to an
extent that rendered them resistant to the action of
ionising radiation. It is of interest to reverse these
calculations, i.e. to use measured cord radii to
calculate the "partial pressure of 02" ("PO2") in
the subtending vessels and thence to calculate
"PO2" in the different zones of the cords in SCC
cervix and bronchus. These estimations have been
made for two geometric conditions: (i) diffusion of
02 inward from vessels surrounding a spheroidal or
rod-like cord (the predominant form observed in
this series); or (ii) diffusion of 02 outward from a
central blood vessel. The diffusion equations
employed were as given by Tannock (1972); the
constants used were taken from Thomlinson &
Gray (1955), including the major assumption that
the cells of these tumours all had an 02
consumption of 5.2julmg-1 dry weighth-'.
A family of curves of "P02" versus distance from
blood vessel, was plotted for the 19 cases of SCC
cervix, for which the range of cord radii was slightly
wider than for SCC bronchus. The two geometric
models lead to very different predictions of "P02"
in the blood vessels (Figure 3): for diffusion inward,
the mean value for the 19 tumours was 22
+3mmHg (Figure 3a); for diffusion outward, the
mean was 107+15mmHg (Figure 3b). The latter
value is higher than the P02 for non-tumour
arterial blood (- 95mmHg) and seems particularly
implausible for capillaries in the deeper-seatedTUMOUR CORDS IN HUMAN CARCINOMAS 411
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Figure 3 (a) Calculated oxygen partial pressures in
tumour tissue of cords in 19 different cervical SCC
(descending lines) as a function of distance from
peripheral blood vessels. Ascending line shows the
expected relative radiosensitivity (upper abscissa) of
tumour cells for which m =2.75 and k =7.5mmHg, as
a function of oxygen partial pressure (ordinate).
Dashed line links a "pO2" of 7.5 mm Hg with a
relative sensitivity of [m + 1]/2 = 1.9. (b) As for Figure
3a, but assuming a cord geometry in which a cylinder
of parenchyma surrounds a single central capillary.
regions of large tumours. As noted earlier, the first
geometric model more closely accords with what
was seen in the tumour sections. Adopting this
model, only 3 of 19 tumours had "PO2" values that
correspond to the P02 for non-tumour venous
blood ( 40 mmHg), the remainder ranging from 32
down to 3 mm Hg. Whether these rather low values
are of potential relevance to radiotherapy, depends
on the P02 that corresponds to significant
radiobiological hypoxia, i.e. where the oxygen level
is sufficiently low as to reduce the sensitivity of
mammalian cells to the lethal effects of radiation.
The relationship between radiosensitivity (S) and
P02 for several neoplastic and non-neoplastic cell
systems has been shown to conform to the equation
described by Alper & Howard-Flanders (1956):
S/Sn=(m[pO2]+k)/([p02] +k)
where Sn is the sensitivity in the absence of oxygen;
m is the ratio of the maximum obtainable
sensitivity in the presence of 02, to Sn; and k is the
partial pressure or concentration of 02 that
corresponds to a sensitivity half-way between the
minimum and maximum (for populations whose
response can be fitted by the above equation).
Values of m range typically between 2.5 and 3, but
estimates of k (made in vitro) vary rather widely
between about 2 and 12mmHg (Alper, 1979). For
purposes of illustration, we have arbitrarily adopted
values of 2.75 for m and 7.5mmHg for k. First-
order estimates can then be made of the possible
radiobiological status of cell populations in
spheroidal or rod-like cords of the 19 SCC of cervix
(Figure 3a) In tumours of 2/19 patients, the rapidly-
dividing cells lying on average 9Mm from the
surrounding vessels, would have a relative
radiosensitivity (r) half-maximal or less (i.e. < 1.9,
where r=[m + 1]/2). For cells an average of 27gm
away, this reduced radiosensitivity would occur in
32% of the tumours (6/19); at 45pm, in 58%;
63um, 74%; 81 pm, 89%, 99gm, 100%. Thus under
the conditions specified, all these tumours would be
expected to contain histologically-intact cells that
should be relatively resistant to the lethal action of
ionising radiation. In 2 cases this would occur
among cell populations which one might reasonably
expect to be particularly rich in clonogenic cells -
near the vessels. It should be noted also that these
calculations have been made using mean values of
cord radius, from a sample of 50 cords for each
tumour. For all tumours with a mean cord radius
of 100pm, the lower boundary of the range was
-45pm. This admits of the possibility that within a
tumour whose zone 1 cells were calculated to be
well-oxygenated on average, there existed one or
more cords whose rapidly-dividing "stem cells"
might be radiobiologically less than fully
oxygenated.
The numerous assumptions of these calculations
are readily acknowledged. However, it has been
shown for one tumour-line that cord radius is
sensitive to alterations in the 02 milieu (by lowering
the 02 tension in the air respired by the host;
Tannock & Steel, 1970). while values of cord
radius, MI and NI in 2 rat hepatomas accord
qualitatively with their relative oxygenation status,
radiobiologically - defined (Moore et al., 1984).
The cord model as proposed by Thomlinson and
Gray (1955) represents a unique synthesis of
tumour pathology, physiology and radiobiology,
and it is perhaps surprising that more attempts
have not been made over the years to test itsTUMOUR CORDS IN HUMAN CARCINOMAS 413
predictions for the behaviour of irradiated cells
within organised tumours in their mammalian
hosts.
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